Non-dispersive selective extraction of Ge(IV) tartrates was carried out from simulated fly ash solutions containing heavy metals through supported liquid membranes (SLM). The optimum transport was obtained using a PTFE membrane containing Alamine 336 5%v/v in the condition of tartaric acid 2.76 mmol/L and HCl 1 mol/L in feed and strip phases, respectively. Under this condition, a hollow fiber (HF) SLM experiment was conducted. The results showed that this system could transport germanium from the feed to the strip phase so much faster than the flat sheet (FS) SLM system. The rate of transport through HFSLMs is comparable to dispersive extractions.
Introduction
Various forms of germanium have extensive applications. It can be used in photodetectors (pure form), high refraction glass (as GeO 2 ), etc. Since the chemical purity of germanium is essential in its application, the recovery, separation, and purification of germanium is a significant issue. Fly ashes and zinc ores are the main resources of germanium. Fly ashes are important in terms of germanium content because 500 mt is their estimated amount having an average germanium composition of 7.8 g/t. [1] Thus, 3,900 t of germanium can be recovered from these resources. This signified the importance of investigating the separation of germanium from simulated fly ash leach solutions. Germanium in coal gasification fly ashes can be present as a water-soluble compound in oxide and sulfide forms. [2] One of the complexities in fly ashes is the presence of heavy metals. [3, 4] The concentration of zinc in fly ashes is commonly more than that of other heavy metals. For instance, the composition of zinc, nickel, and cadmium in fly ashes studied by Liu and colleagues [3] is 3288, 187, and 29.4 mg/kg, respectively.
The existence of impurities such as heavy metals in these resources has focused the efforts on the separation of germanium from these impurities. [5] There are a number of metallurgical processes for the separation of germanium from coal fly ashes. [6] [7] [8] [9] Among these methods, hydrometallurgical processes have some advantages such as low energy consumptions, lowtemperature emissions, suitability for the treatment of low-pure materials, etc. [10, 11] Liquid-liquid extraction is a regular method used to separate germanium from various solutions. Various types of liquid-liquid extraction (LLX) systems using different organic extractants in different mediums have been studied for the extraction and separation of germanium.
The supported liquid membrane (SLM) technique is a technique having a mechanism similar to LLX. In SLM processes, ion species are extracted and transported by an extractant which has impregnated a flat sheet membrane. Despite an LLX system, the extraction and strip processes in SLM cells are carried out in a single system. [12] Considerable selectivity, operative easiness, low energy consumption, and low extractant usage have converted this technique into a cost-effective process. [13] However, flat sheet SLM systems have been faced with challenges in industrial usages such as maintenance issues. [14] On the other hand, a hollow fiber SLM system is based on non-dispersive solvent extraction, merging solvent extraction and flat sheet SLM advantages. In this study, the effective area of HFSLM is 127,000 times more than that of FSSLM. Therefore, it can be expected that the transport rate in an HFSLM is comparable to solvent extraction. These advantages have spread the use of HFSLM in industrial works. [15] These processes can be reasonably used for treating low concentration solutions. [16] The application of SLM in the separation of various metals has been carried out [17] ; although, there is a dearth of investigations on the transport of germanium through the membranes.
Since extractants play important roles in the SLM system, their characterization is important. The extractants used to extract germanium can be classified into three categories. The first group includes cationic exchanger extractants, such as KELEX 100 [18] , LIX 63 [18] , Ionquest 801 [19] , and Cyanex 301 [20] which extract cationic species of germanium and the second one is anion exchangers such as tri-n-octylamine TOA, which can extract germanium anionic complexes. [5, 21] In addition, the third group extracts neutral forms of germanium such as Cyanex 923. [20] Various membrane systems have been used to extract germanium from the aqueous medium. One of these systems used is the ion exchange membrane such as RX-1 [22, 23] , functional porous hollow-fiber membranes [24] , and polysulfone. [25] The mechanism of these membranes is similar to ion exchange resins. The other types are liquid membrane systems which are classified into several groups. However, only emulsion liquid membranes (ELM) and supported liquid membranes (SLM) have been used to transport germanium from aqueous solutions. Tutkun et al. [26] used ECA 4360J as a surfactant, STA90 NS and Escaid 110 as the solvents, and KELEX 100 as a carrier in an ELM system. They used this system to permeate germanium from a sulfuric acid leach solution of zinc plant residue to the strip phase containing NaOH. In another study, an ELM containing C5-7 and P204 (an extractant with a similar structure to D2EHPA) was used to transport germanium from a sulfuric acid medium to NH 4 F. [27] Bis (2-ethylhexyl) sulfosuccinate sodium salt as an anionic surfactant was used to form a microemulsion liquid membrane with n-heptane and n-butanol as diluents and N235 as the carrier. [28] N235 is an amine extractant which can extract anionic species from solutions. In the aforementioned study, tartaric acid was used to convert germanium to anionic tartrate species which can be transported by N235. The other systems are supported liquid membranes. Only three systems were used to transport germanium through flat sheet supported liquid membranes. In these systems, TOA [29] , Alamine 336 [30] , and Cyanex 301 [31] were used to transport germanium from tartaric acid and nitric acid solutions. In the TOA-SLM system, germanium tartrate was transported from a solution through the polytetrafluoroethylene (PTFE) membrane. In addition, a mass transfer model was obtained based on experimental data. The pH of feed solutions, carrier concentration, germanium concentration, and HCl concentration in the strip phase were the parameters investigated. As a result, the highest transport was obtained at a pH of 3, TOA 40% v/v, and HCl concentration of 3 mol/L. In a study published by the authors of the present study, mathematical models resulted in calculating the constant (K ext ) of germanium extraction by Alamine 336 and mass transfer and diffusion coefficients for the germanium facilitated transport through the supported liquid membrane containing Alamine 336. [30] In this study, only the Alamine 336 concentration effect was investigated on the extraction and transport of germanium. The principle of the modeling is also founded on this effect. In addition, the hollow fiber transport has not been studied. Cyanex 301 is another carrier used to transport germanium from the nitric acid medium across a PTFE membrane. The effect of the feed solution pH and concentrations of germanium, Cyanex 301, and sulfuric acid in the strip solution were studied in the mentioned paper. At the condition of pH 1.5, Ge of 40 mg/L, Cyanex 301 of 1.18 mol/L, and H 2 SO 4 of 400 g/L, the maximum transport was achieved. In the aforementioned SLM studies, the studies focused on the only transport of germanium and no effort was made to separate germanium from other species. Furthermore, the need for further investigations on transporting germanium through HFSLM and the comparison to FSSLM systems is felt.
In this research, an FSSLM process was investigated to separate germanium from a simulated neutral aqueous solution containing heavy metals. In this study, zinc, nickel, cobalt, and cadmium were selected as impurities in simulated coal gasification fly ash leach solutions. The polytetrafluoroethylene membrane (PTFE) and an organic extractant namely tri-octyl /decyl amine (Alamine 336) as a carrier were used in this system. Chemical parameters such as Alamine 336, tartaric acid, germanium, and strip phase concentrations were examined to understand their effects on the germanium transport and permeability. Finally, an HFSLM system was developed to separate germanium from an aqueous solution under the condition obtained from FSSLM results. In addition, the HFSLM system was compared to an LLX system.
Experimental

Materials
Alamine 336 from Cognis (now part of BASF), Germany was used as an extractant/carrier. It is a mixture of tri C8-10 alkyl amines. [32] 
Solution chemistry of germanium
Various forms of germanium species in a neutral solution has been characterized in the literature as H 2 GeO 3 [21] , GeO 2 .H 2 O [28] , and Ge(OH) 4 . [33] According to the mentioned references, GeOH 4 is a more probable and reliable species, which can be present in the neutral pHs. In addition, the reaction between GeOH 4 and tartaric acid results in the formation of anionic germanium tartrates. It is noticed that after adding tartaric acid (depending on the amount of addition) the pH of the neutral solution descends to a range of 2-4. GeðOHÞ 2 ðHTÞ À and GeðOHÞ 2 ðTÞ 2À have been characterized as predominant species at pHs<2 and pHs>2, respectively. [34] In addition, GeðOHÞ 2 ðTÞ 2 2À species are reported to be predominant at neutral pHs. [30, 35, 36] One of the ways to know the number of extractant molecules that can extract germanium species is the slope analysis. In this regard, the plot of log(D) as a function of log½R 3 NH þ Cl À ðorgÞ was plotted elsewhere. [30] The slope of the plot showed that 2 moles of the extractant participated in the extraction reaction. In addition, according to charge balancing and the mentioned slope, the charge of germanium anionic species extracted by Alamine 336 should be 2 as GeðOHÞ 2 ðTÞ 2À orGeðOHÞ 2 ðTÞ 2 2À . Consequently, at the working pHs of this study, GeðOHÞ 2 ðTÞ 2À has been proposed as predominant species. Thus, an overall reaction for the formation of germanium anionic species using tartaric acid can be written as Eq. (1) [34] : (1)
Methods
Transport of germanium through FSSLM
The FSSLM experiments were conducted in a twosection cell where the feed phase with a volume of 220 mL was separated from the strip phase (220 mL) by a supported liquid membrane with an effective membrane area of 11 cm 2 ( Fig. 1 ). In the FSSLM cells, the feed and strip phases were mechanically stirred with a speed of 1,200 rpm at room temperature (22 ± 1°C) by Plexiglas mixers to keep the concentration at the bulk phase. To prepare the membrane containing the carrier, first the desired volume of Alamine 336 was dissolved in kerosene and 1-decanol to obtain a particular concentration of the carrier, and then the membrane was soaked in the desired carrier for a few hours. The soaked membrane was then taken followed by rinsing with pure distilled water to remove additional carriers. Finally, the membrane was put in the membrane placement between two cells (see Fig. 1 ). Two types of membranes were used in this study. Millipore Durapore membranes with the materials of poly tetra fluoro ethylene (PTFE) and polyvinylidene difluoride (PVDF) were used in this study. Table 1 shows the characteristics of these membranes. The behavior of these membranes was compared in terms of the permeation of ions.
Permeation coefficient P (cm/h) through the membranes were found by calculating the slopes of the plots constructed by À V A lnðC f =C f :t Þas a function of time according to Eq. (2):
Where C f , C t , A, and V represent the feed concentration, initial concentration, effective area of the membrane, and volume of the feed solution, respectively. During the experiments, samples of feed and receiving phases (0.5 mL) were taken at desired times for determining the concentration of ions using inductively coupled plasma atomic emission spectroscopy (Agilent, USA).
Transport of germanium by hollow fiber supported liquid membrane (HFSLM) system
In order to improve the performance of the FSSLM system, another type of SLM system, namely the hollow fiber supported liquid membrane (HFSLM) technique, was applied. Since it was predicted that the transport rate of germanium through this system was high, the minimum concentration of Alamine 336 (5%v/v) as the carrier was selected for the experiment. This organic carrier was dispersed in an HCl strip solution with a volume of 500 mL forming a pseudo emulsion. The emulsion was agitated with a magnetic agitator. The module used in this study was a G-501 contactor purchased from Liqui-Cel, the USA with the characteristics illustrated in Table 2 . The pseudo emulsion was circulated from the strip container to the lumen side of the module with a flow rate of 23 L/h using an external gear pump (Micropump®, GJ Series, US). This resulted in a constant organic supply in the membrane pores. [37] In addition, the feed phase with a volume of 2 L was circulated in the shell side with a flow rate of 28 L/h using another external gear pump with the aforementioned property. In order to prevent diffusing the organic carrier across the pores into the feed phase, a small pressure variance was applied during the tests. Since the feed phase volume was 4 times the strip phase volume, the concentration ratio of the strip to the feed would be 4. The schematic illustration of the HFSLM system used in the research was seen in Fig. 2 .
Result and discussion
Transport measurement
In the FSSLM system, the transport of ions through SLM is equivalent to the simultaneous extraction and stripping in an LLX system. Since there are five ions in the system of this study, the identification of the extraction and stripping reactions taken place in the membrane interfaces is significant. To understand these reactions and the optimized conditions for the selective transport of germanium species, a series of experiments were conducted in various concentrations of Alamine 336, tartaric acid, germanium in the feed phase, and HCl in the strip phase. 
Effect of carrier (Alamine 336) concentration
There is a direct relationship between the transport of ions through a supported liquid membrane and the carrier concentration. [38, 39] In order to find the effect of Alamine 336 as a carrier on the germanium permeation, its concentration was varied in a range of 5-35%v/v. In all the experiments, the concentration of Ge, Ni, Cd, and Co in the feed phase was kept at 100 mg/L and the Zn concentration was maintained at 1,000 mg/L. Furthermore, the amount of tartaric acid added to the feed phase was equal to two times the amount of germanium in the feed phase (2.76 mmol/L). The HCl concentration was set at 1 mol/L in the strip phase.
The plots of À A V lnðC f :0 =C f :t Þ as a function of t were plotted for various Alamine 336 concentrations (Fig. 3) . According to these plots, germanium permeation coefficients can be determined. These coefficients were plotted for various concentrations of Alamine 336 as shown in Fig. 4 . It was observed that the germanium permeation increased from 2.87 to 6.56 cm/h with an enhancement of Alamine 336 up to 15.0%v/v. However, with a further increase in the carrier concentration, the permeation reduced to 5.26 cm/h and then followed a fair straight manner up to 35% and reached 5.90 cm/h (see the trend line in Fig. 4) . The preliminary enhancement of the transport rate may be due to a rise in the diffusion factor (D) when Alamine 336 increases in the membrane. [38] This enhancement is equal to a higher concentration of germanium and carrier complexes at the feed-membrane interface resulting in enhancement of the transport rate. Furthermore, the further decrease in the transport rate is probably due to the enhancement of the viscosity and the conductivity of Alamine 336 as well as an increase in the membrane resistance. [38, 40] With respect to the inverse relative of the permeability and viscosity, this decrease can be reasonable. [41] According to the Stokes-Einstein
), D has an inverse relation with viscosity (η). In this equation, T, κ, and r represent temperature (K), Boltzmann constant, and ionic radius of species. In the liquid-liquid extraction process, it was seen that with an increase of the extractant concentration in the organic phase, the extraction efficiency enhanced due to the formation of the germanium-extractant complex. Hence, it was expected that this manner occurred in the SLM process because of the formation of this complex in the feed phase-liquid membrane interface. This enhancement of the complexes could improve the driving force for the permeation through the liquid membrane. However, it was experimentally observed that the viscosity of the carrier is more significant than the increase of the mentioned complexes in the interface. The dynamic viscosity of the carrier enhances from 1.68 to 27.10 cP by increasing the concentration of Alamine 336 from 5 up to 40%v/v. Therefore, an enhancement of viscosity results in a decrease in the germanium flux. Similar to an LLX system, apparently at higher carrier concentration, the flux should increase; however, the simultaneous enhancement of viscosity results in a diffusivity decrease of germanium-Alamine 336 complexes. [38] This manner can be 
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seen in a trend curve plotted in Fig. 4 . According to this discussion, the Alamine 336 concentration of 15% was selected as an optimum concentration of the carrier in further experiments. The separation factor was calculated by dividing P Ge to P metal (metal: Zn, Cd, Co, or Ni) to show the selectivity of various Alamine 336 concentrations. Table 3 shows the separation factors of α Ge/Zn , α Ge/Cd , α Ge/Co , and α Ge/Ni . Since the concentration of zinc and nickel in the strip phase was below 5 mg/L and that of the other metals were close to 0, the calculation of this factor was imprecise because the concentrations were 
Time ( below detection limit (BDL). As seen in this table, the values of the separation factor for Ge/Co were extreme. These values for Ge/Ni reached extremes at higher concentrations of the carrier. Hence, the transport of cobalt and nickel is insignificant. The value of the separation factor for Ge/Cd was found to be 289.90 at the Alamine 336 concentration of 5%. This value reached 3123.81 with an enhancement of the Alamine 336 concentration up to 15%, whereas at the concentration of 20%, the value descended followed by reaching extreme values at higher concentrations. Similar increases and decreases were observed for the separation factors of Ge/Zn. The mentioned irregular increase and decrease in separation factors of germanium and zinc and cadmium are due to the proximity and low values of concentrations resulted from the measurement error of the analytical instrument. Generally, at higher concentrations of Alamine 336, higher separation factors were observed; however, the reduction of the germanium transport through the membrane due to the high viscosity in higher concentrations led to selecting the concentration of 15% as an optimum condition of the carrier concentration.
Effect of germanium concentration
In order to find the effect of the germanium concentration on the species transport, it was varied in the range of 25 to 100 mg/L. This range was selected with respect to the germanium concentrations of leach liquors mentioned in the literature. [5, 7, 9, 42] According to LLX experiments, the presence and concentrations of the other heavy metals could not significantly affect the germanium extraction. [34] Therefore, their concentrations were set at a fixed level. Moreover, tartaric acid in the feed phase was held constant at a molar ratio of tartaric acid to Ge equal to 2. Figure 5 shows the effect of the germanium concentration in the feed phase on its transport. The curve corresponding to 25 mg/L shows the slowest transport rate and the maximum transport efficiency reached 90% after about 23 h. The highest transport rate is related to the 50 mg/L curve. In this concentration, about 90% of germanium was transported after 10 h and the quantitative transport (99%) took place after 23 h. With an increase in the germanium concentration from 25 to 50 mg/L, the germanium permeation coefficient (P) enhanced from 2.55 to 8.32 cm/ h. This increase is in agreement with the expected tendency shown in Eq. (2). This enhancement took place due to an enhancement of germanium-extractant complexes in the interface of the solution-membrane. With a further increase in the concentration up to 100 mg/L, The quantitative transport (99%) in these concentrations was obtained after about 23 h. At the germanium concentration of 100 mg/L, the permeation coefficient (P) descended to 6.56 cm/h. The reason for this decrease is possibly due to the low effective membrane area resulted from the saturation of the membrane. [43] This means that membrane pores are saturated with germanium species and a layer is formed on the interface of the feedmembrane, resulting in an increase of the retention time of species in the pores.
Effect of different tartaric acid salt (C 4 H 6 O 6 )
With respect to the neutral nature of dissolved germanium in the water medium and anionic exchange behavior of the extractant (Alamine 336), the conversion of germanium to an anionic complex is essential for the germanium transport by Alamine 336. Carboxylates and some organic base materials are some options for this conversion. Since organic reagents, such as catechol have aromatic nature and are dangerous for the environment, the environment-friendly alternatives such as carboxylates (citric acid, oleic acid, oxalic acid, tartaric acid, etc.) were preferred to be used in this study. According to the liquid-liquid extraction results reported elsewhere [29, 30, 34] , tartaric acid has an efficient effect on the formation of germanium anionic complexes. Therefore, this acid was used in the experiments. The reaction between germanium neutral species and tartrate anions produces anionic species of
. This anionic complex can be transported by an amine carrier in the SLM process.
To find the effect of tartaric acid on the facilitated transport of germanium, its concentrations varied in the range of 0.2 to 2 times the Ge concentration in the feed phase (i.e. equal to 0.276 to 2.76 mmol/L). SLM transport experiments were carried out keeping all parameters constant. The transport efficiency of germanium through SLM as a function of time for various tartaric acid concentrations has been shown in Fig. 6a . It is obvious that with an increase in tartaric acid concentrations up to 2 molar ratios (2.76 mmol/L), the germanium transport significantly increases. The initial enhancement in the transport with enhancing the tartaric acid concentration is due to an increase in the germanium tartrate complex formation. As a result, the quantitative transport of germanium (100%) obtained during 10 h at the tartaric acid concentration of 2 molar ratios, showing the highest transport rate at this concentration. As seen in the figure, the maximum transport efficiency corresponding to the tartaric acid to germanium molar ratios of 1.5, 1, 0.5, and 0.2 were found to be 95%, 82%, 49%, and 24% after about 23 h. These values show that the transport rate significantly descended with decreasing the tartaric acid concentration. The reason for this decrease is that the number of tartrate molecules that should react with germanium species is not sufficient.
The permeation coefficient (P Ge ) enhanced from 0.76 up to 6.56 cm/h when tartaric acid concentration increased from 0.2 up to 2 molar ratios. A further increase of C 4 H 6 O 6 up to 3 molar ratios has no effect on the germanium permeation through the liquid membrane. With increasing tartaric acid, its cotransport enhances due to the extraction of anionic species of tartare by Alamine 336. With an increase of the tartare co-transport, the free Alamine 336 concentration in the membrane phase decreases, resulting in decreasing the transport efficiency. This factor is the reason for the insignificant effect of tartaric acid concentration on the germanium permeation at concentrations higher than the tartaric acid to germanium molar ratio of 2. Moreover, Fig. 6b illustrates the transport efficiency of impurities vs. time through the SLM for various concentrations of tartaric acid. As seen in this figure, the transport efficiency of zinc, cadmium, and nickel increased with an enhancement of the tartaric acid up to 0.59%, 1,40%, and 2.83%, respectively. It is noted that the cobalt transport was not observed during the experiments. Nevertheless, since concentrations of impurities transported were below 5 mg/L, the values were below detection limit (BDL). For this reason, the transport efficiencies calculated for these impurities were not imprecise. The low permeation of impurities is due to the lack of anionic species formation of these heavy metals with tartrate anions. [34] This low permeation is because tartrates of these elements have low stability constants in the condition of this study. According to the literature, the logarithm of stability constants of zinc-, nickel-, cobalt-, and cadmiumtartrate has been calculated to be 2.39 [44] , 2.32 [44] , 2.26 [44] , and 2.27 [45] , respectively.
Effect of strip solution concentration on the permeation
Strippant in the receiving phase is essential to transport germanium from the feed phase to strip phase through the liquid membrane. [46] If the stripping agent and its concentration are not proper, desired complexes are not appropriately transported through SLM; therefore, species are associated with the membrane phase followed by saturating. [46] In this study, HCl was selected as a strip reagent. The effect of HCl in the strip solution on the transport efficiency was investigated by varying its concentration in the range of 0.25 to 2 mol/L. This range was selected according to the liquid-liquid extraction conducted before and the results were reported elsewhere. [34] The effect of HCl concentration on the transport of germanium is illustrated in Fig. 7a . As seen in the figure, with an enhancement of HCl concentration, the transport efficiency of germanium enhanced. This transport enhancement up to the HCl concentration of 0.5 mol/L is due to the increase in the de-complexation of species taking place at the interface of the receiving and membrane phases shown as Eq. (3). [34] This resulted in hastening the germanium transport through SLM. 
However, there was an insignificant difference between the curves belonging to HCl concentrations higher than 0.5 mol/L. This means that germanium is readily stripped at lower acidic concentrations. On the other hand, at the HCl concentration of 2 mol/L, the transport has been descended. This reduction is probably due to the addition of Cl − ions in the strip solution resulted in an inverse HCl transport through the pores of the membrane to the feed phase. At a high concentration of HCl, Alamine 336 molecules would increasingly combine with Cl − ions at the interface of the membrane and the strip phase. Thus, the number of carrier molecules reacting with germanium tartrate molecules in the feed phasemembrane interface descends, resulting in decreasing the transport. Similar results published by Zaheri et al. [47] have been shown for the europium transport across an SLM system using Cyanex 272 with a strip solution containing HNO 3 . Furthermore, it has been reported that the SLM stability descends at higher concentrations of acids in a strip phase due to the reduction of the interfacial tension between the membrane and the strip solution. [48] In the strip solution concentration above 0.5 mol/L HCl, decomposition of transported germanium species is induced by the interfacial reactions and takes place promptly. Consequently, the subsequent diffusion of species into the strip solution does not depend on the acid concentration at the concentration above 0.5 mol/L. [49] Figure 7b reveals the effect of HCl in the strip solution on the transport efficiency of other metals existing in the feed solution. As seen in this figure, the transport efficiency of nickel and cadmium increased with increasing the HCl concentration, whereas the transport efficiency of zinc initially descended, and then increased with the further enhancement of HCl. Similar discussions mentioned for germanium can be considered for the mentioned transport enhancement. According to results, the maximum transport efficiency of Ni, Cd, and Zn were obtained to be 2.8, 1.51, and 1.41% at 2 mol/L of HCl, respectively. Furthermore, since the cobalt transport across the membrane was close to 0 mg/L, the corresponding curve was not shown. Therefore, the transport of these metals to the strip phase is not noteworthy in comparison to the germanium transport. As mentioned before, since concentrations of impurities transported were below 5 mg/L, the values were below detection limit (BDL). For this reason, the transport efficiency calculated for these impurities was not imprecise.
Effect of membrane type on the permeation
To identify the effect of the membrane type on the germanium transport, a polyvinylidene difluoride (PVDF) hydrophobic membrane was used. In this regard, two PVDF membranes with pore sizes of 0.22 and 0.45 µm were used. It is noticed that the thickness of these types of membranes was 125 µm, whereas that for the PTFE membrane used in this study was 50 µm. The experiments were conducted at a feed solution containing 100 mg/L of Ge, Ni, Cd, Co and 1,000 mg/L of Zn. Furthermore, the amount of tartaric acid added was kept at two times the germanium mole amount in the feed phase. Furthermore, the HCl concentration was set at 1 mol/L in the strip phase. The results of the mentioned experiments were illustrated in Fig. 8 and compared to the PTFE result.
As seen in this figure, the transport efficiency (%T) and the transport rate of germanium across the PTFE membrane at the same experimental condition is more than that of the PVDF membranes. The large distance between the transport curves of PTFE and PVDF membranes shows this. According to the results, 96% of germanium transported through the PTFE membrane after 10 h, whereas about 75% of germanium transported across the PVDF membranes during the mentioned time. Furthermore, this figure and the calculation of the permeation coefficients showed that permeation of germanium across PTFE membrane (P = 6.56 cm/h) is higher than PVDF membranes (P 0.25 = 3.86 and P 0.45 = 4.58). Since the thickness of the PTFE membrane used in this study is lower than that of the PVDF membranes, it can be expressed that the lower permeation in the PVDF membranes is probably because of the long diffusion path length. According to Schofield's model, the membranes with a higher thickness have a long distance for transporting diffused species through the membrane, leading to a decrease in the flux, the transport efficiency, and the permeability coefficient. [50] In addition to the abovementioned reasons, low tortuosity and high porosity of PTFE membranes make them more efficient than PVDF membranes. [50] Eq. (4) shows the relationship of diffusion (D), distribution coefficient (D Ge ), tortuosity (τ), and porosity (ρ):
This equation shows that high porosity and low tortuosity resulted in high diffusion through the membrane. The porosity of the PTFE and PVDF membranes used in this study was 85% and 70%, respectively. Furthermore, the tortuosity values of PTFE and PVDF membranes were reported to be 1.1 [51] and 2.12 [52, 53] , respectively.
Furthermore, results showed that the germanium permeation across the 0.45 µm PVDF membrane (P 0.45 = 4.58) is a bit more than the 0.22 µm membrane (P 0.25 = 3.86). The vicinity of the transport curves of PVDF membranes confirms this. Since the role of a supported liquid membrane is the physical separation of the feed and strip phases, an increase in the pore size enhances the transport of ion species. With respect to the Stokes-Einstein law, the diffusion coefficient of desired species inversely depends on the radius of the diffusing ions. [54] Hence, the resistance of the species transport is higher across membranes with a lower pore size, resulting in a higher transport rate for membranes with larger pore sizes.
Transport of Ge(IV) through HFSLM
After obtaining the optimum condition of the germanium transport through the FSSLM, a transport experiment was conducted using an HFSLM system in the following condition: the initial germanium concentration of about 88 mg/L, tartaric acid equal to two times the germanium mole amount, Alamine 336 concentration of 5 %v/v, and HCl concentration of 1 mol/L in the strip solution. The pH of the initial feed solution was set at 2.30 that reached 2.32 after the experiment. Since the transport of Ni, Cd, Co, and Zn was approximately zero, the corresponding results are not shown here. The result of the HFSLM experiment was plotted in Fig. 9 . The germanium concentration in the feed phase reduced by prolonging the time until 180 min, whereas the concentration in the strip phase gradually increased up to a steady state level. The maximum concentration of germanium in the strip phase reached 350 mg/L, which is approximately 4 times the initial concentration. Therefore, a concentrated solution of germanium was obtained which can be proceeded for further metallurgical processes. As seen in Fig. 9 , in initial times, the transport rate of germanium in the feed phase is faster than that in the strip phase. Similar results have been observed in several studies. [15, 55, 56] This difference is due to a part of germanium remaining in the membrane phase, which slowly enters the strip phase (see the cross-shaped curve in Fig. 9 ). This probably occurs due to the existence of several residences against the germanium diffusion from the feed bulk to the strip bulk. Furthermore, different reaction rates of the extraction and stripping can justify the slow transport of germanium to the strip phase. [15] As shown in the cross-shaped curve in Fig. 9 , the remaining germanium in the membrane side descends to zero after reaching the equilibrium and steady-state condition. As a result, an appropriate transport could be achieved after 150 min. Consequently, it was seen that the HFSLM system could efficiently separate and enrich germanium from various industrial effluents such as coal gasification fly ash leach liquors. In order to compare the extraction efficiency of germanium in an LLX system with the germanium transport across the HFSLM, an LLX experiment was carried out in the same condition mentioned for the HFSLM system. The results showed that the germanium extraction efficiency in the LLX system reached 90% after 30 min. During this duration, the transport efficiency of germanium was found to be 86.08% across HFSLM while this value reached 24.8% for an FSSLM system containing 5%v/v Alamine 336. These values indicated the fact that the germanium extraction in the LLX system is comparable to the HFSLM system.
Conclusion
The present research has investigated the separation of germanium species from neutral solutions such as leach liquors obtained from coal gasification fly ash leaching processes through an FSSLM using Alamine 336 as a carrier. The separation of germanium from zinc, nickel, cobalt, and cadmium was carried out in various conditions. The results showed that the appropriate separation of germanium from heavy metals can be achieved with Alamine 336 concentrations higher than 10%v/v. The essential role of tartaric acid as a complexant is to convert germanium to anionic species. In the absence of tartaric acid, the transport of germanium was not possible. Various concentrations of HCl in the strip phase were examined and the results showed that HCl concentrations above 0.5 mol/L are proper to create an appropriate gradient. With respect to the FSSLM experimental optimum condition, a hollow fiber supported liquid membrane system was run and the results showed the faster transport of germanium in this system. In addition, these results indicated the fact that the germanium extraction in the LLX system is comparable to the HFSLM system. This system can be used in the scaled-up system for the industrial enrichment and purification of germanium solutions.
